INTRODUCTION
Archard's Law [1] has been used extensively for computer simulation of UHMWPE wear in hip [2] , knee [3] , and disc replacements [4] . It is widely accepted that cross-shear motion increases wear, and models have been proposed to account for this effect [5] . Most of the cross-shear models described previously were designed to work for a specific joint or the models break down under some kinematic conditions [6] . The purpose of the current study was to develop a completely general cross-shear wear algorithm applicable to any geometry or sliding conditions. The proposed algorithm was based on a modified form of Archard's Law and was implemented in an explicit dynamic finite element framework for validation against experimental wear data reported in the literature.
MATERIALS AND METHODS
A novel cross-shear model was previously developed to account for the varying intensity of cross-path motion throughout an arbitrary motion cycle [7] . Here, we describe incorporation of the cross-shear model into a wear algorithm and implementation in a finite element (FE) simulation for validation.
Wear Algorithm
We adopt the term tribological intensity [8] , ∆
where is contact pressure (MPa), ∆ is an increment of sliding distance (mm), 1,2, … are time increments, and 1,2, … are locations on the discretized wear surface. The standard form of Archard's Law can then be expressed, ∑
where is wear depth (mm), and is the experimentally measured apparent wear factor (mm 3 /N·mm). We propose a modified form of (2) in which unidirectional motion is separated from cross-shear motion as follows,
where is the wear factor for unidirectional sliding, and is the worst case wear factor for cross-shear sliding. The first term on the right in (3) is equivalent to the standard Archard's Law because ∑ . The second term in (3) accounts for cross-shear sliding with ∑ , where are incremental weight factors that characterize the varying intensity of cross-shear throughout a single motion cycle. The specific form of has been described previously [6] , but for simplicity we write, f , sin ∆ (4) where refers to material memory and takes on a value of sliding distance (mm) that is some proportion of the full motion cycle. The ∆ term in (4) represents the change in sliding trajectory from one increment of motion to the next. The are incremental weight factors that always take on values between zero (unidirectional sliding) and unity (worst case cross-shear sliding). According to (4), worst case cross-shear sliding corresponds to ∆ 90°, a scenario in which each increment of sliding deviates from the previous by 90°. This observation is intuitively reasonable, but has not yet been rigorously tested. The concept of material memory refers to the idea that polymer chains in the UHMWPE surface become aligned with a consistent sliding direction, but if that sliding trajectory changes, then after some amount of sliding the surface layer could re-align. The term in (4) quantifies the sliding distance required for re-alignment.
The intensity of cross-shear at each point on the surface can also be expressed as ⁄ for the sake of comparing different counterface motions. University of Denver Denver, CO USA
Wear Simulation
The wear model in (3) and (4) was encapsulated in a custom Python program designed to work with Abaqus/Explicit (SIMULIA; Providence, RI). A custom Abaqus subroutine was also written in FORTRAN to extract the incremental sliding trajectories required in (1) and (4). The wear model implementation is completely general and applicable to any wear couple with arbitrary geometry or counterface motion. Preliminary validation against previously reported cervical disc wear data [9] showed good agreement [7] . The purpose of the present study was to further extend the validation effort to total knee replacement wear.
McEwen and colleagues [10] reported wear results from a PFC Sigma fixed bearing knee (DePuy; Warsaw, IN) in a displacementcontrolled knee wear tester subjected to three levels of kinematic inputs: standard (±5° IE rotation, 0-10 mm AP translation), intermediate (±5°, 0-5 mm), and reduced (±2.5°, 0-5 mm). Knee implant geometry was reverse engineered from physical parts for a right knee and an FE model was constructed to simulate the test conditions reported by McEwen et al. The wear simulation was also run under force-control using input curves adapted from a previous study on the Stanmore knee tester [11] . To allow for direct comparison with the displacement-controlled test, the force-control input curves were scaled uniformly until the kinematic outputs from the forcecontrolled model agreed with the kinematics prescribed by McEwen et al. The familiar Archard wear model expressed in (2) was used with both displacement and force inputs to provide a reference for comparison of the cross-shear wear results. The parameter was set to 1 mm for all cross-shear simulations.
RESULTS
Volumetric wear results from the wear simulations are compared to the experimental data reported by McEwen et al. in Figure 1 . Note that model wear coefficients ( , and ) were scaled to match wear results only for the standard case -changes in predicted wear volume for the intermediate and reduced cases were based solely on the ability (or inability) of the model to account for the effects of cross-shear.
Wear depth on the surface of the implant is illustrated in Figure 2 . The cross-shear intensity factor was also plotted in Figure 3 . 
DISCUSSION
Both the Archard model and the new cross-shear wear model predicted the correct rank order of wear volume results for all cases, but the Archard model was not able to differentiate among the three cases on the basis of cross-shear intensity. The cross-shear wear model presented here exhibited excellent agreement with the experiment and successfully predicted the effects of cross-shear sliding on wear volume (Figure 1 ). The extents of the wear scars were also similar to those reported previously [12] for a displacement-controlled wear test with the same implant and similar kinematic inputs (Figure 2) .
The intensity of cross-path motion at points on the tibial surface, , declined commensurate with reductions in the intensity of input kinematics/forces (Figure 3) . The drop was more noticeable from intermediate to reduced inputs, which correlated with the reduction in IE rotation from ±5° to ±2.5°. This suggests that IE had a greater impact on tibiofemoral cross-shear than AP sliding, an observation that is intuitively sensible. Note that although AP sliding may have been less critical for cross-shear intensity, it had an important impact on wear volume (Figure 1 ) due to its effect on total sliding distance as seen in the AP excursion of tibiofemoral contact (e.g., Figure 2a,b) .
The novel wear algorithm described here is a simple, phenomenological model for cross-shear wear that exhibits strong agreement with experimental data. Validation has been demonstrated for cervical disc and total knee wear tests, and future research will seek to expand application of the model in additional joint replacement systems. 
